
X
-ray A

stronom
y School 2003

Clusters of G
alaxies

(and som
e Cosm

ology)

Scientific and D
ata A

nalysis Issues

K
eith A

rnaud
N

A
SA

 G
oddard

U
niversity of M

aryland



X
-ray A

stronom
y School 2003

Structure in the U
niverse

• Fluctuations in density are created early in the U
niverse.

• These fluctuations grow
 in tim

e. A
t recom

bination (w
hen

the U
niverse has cooled enough for atom

s to form
 from

electron-proton plasm
a) they leave their im

print on the
m

icrow
ave background. CO

BE, W
M

A
P,…

• Fluctuations continue grow
ing as overdense regions

collapse under their ow
n gravitational attraction.

• Baryons fall into the gravitational potential w
ells

produced by the dark m
atter. Potential energy is converted

to kinetic then therm
alized -> hot plasm

a.
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N
CSA

 sim
ulation - gas density

Bryan &
 N

orm
an
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N
CSA

 sim
ulation - X

-ray lum
inosity

Bryan &
 N

orm
an
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Form
ation of dark m

atter halo

M
oore et al.
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D
ark m

atter and X
-ray em

ission sim
ulation
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Structure in the U
niverse II

• Clusters of galaxies are form
ed from

 the extrem
e high

end (“high sigm
a peaks”) of the initial fluctuation

spectrum
. They exist at the intersections of the Cosm

ic
W

eb.

• The w
ay that structure evolves depends on the geom

etry
and contents of the U

niverse (total density, dark m
atter

density, dark energy density,…
).

• Because clusters are form
ed from

 the high sigm
a peaks

their num
bers and evolution in tim

e depend sensitively on
cosm

ological param
eters.
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X
-rays from

 Clusters of G
alaxies

• The baryons therm
alize to > 10

6 K
 m

aking clusters strong
X

-ray sources.

• M
ost of the baryons in a cluster are in the X

-ray em
itting

plasm
a - only 10-20%

 are in the galaxies.

• Clusters of galaxies are self-gravitating accum
ulations of

dark m
atter w

hich have trapped hot plasm
a (intracluster

m
edium

 - ICM
) and galaxies. (the galaxies are the least

im
portant constituent)
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O
ptical im

age w
ith X

-ray isointensity contours
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observed using
Chandra and

K
eck
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W
hat w

e try to m
easure

• From
 the spectrum

 w
e can m

easure a m
ean tem

perature,
a redshift, and abundances of the m

ost com
m

on elem
ents

(heavier than H
e).

• W
ith good S/N

 w
e can determ

ine w
hether the spectrum

is consistent w
ith a single tem

perature or is a sum
 of

em
ission from

 plasm
a at different tem

peratures.

• U
sing sym

m
etry assum

ptions the X
-ray surface

brightness can be converted to a m
easure of the ICM

density.
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W
hat w

e try to m
easure II

 If w
e can m

easure the tem
perature and density at different

positions in the cluster then assum
ing the plasm

a is in
hydrostatic equilibrium

 w
e can derive the gravitational

potential and hence the am
ount and distribution of the dark

m
atter.

 There are tw
o other w

ays to get the gravitational potential :

• The galaxies act as test particles m
oving in the potential

so their redshift distribution provides a m
easure of total

m
ass.

• The gravitational potential acts as a lens on light from
background galaxies.
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Top Q
uestions on Clusters of G

alaxies
• A

re clusters fair sam
ples of the U

niverse ?

• Can w
e derive accurate and unbiassed m

asses from
sim

ple observables such as lum
inosity and tem

perature ?

• D
oes the gravitational potential have the sam

e shape as
the baryons (stars and gas) ?

• W
hat is happening in the centers of clusters - how

 does
the radio galaxy and the cluster gas interact ?

• W
hat is the origin of the m

etals in the ICM
 and w

hen
w

ere they injected ? W
hat is the origin of the entropy of

the ICM
 ?
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W
hy do w

e care ?
Cosm

ological sim
ulations predict distributions of m

asses.

  If w
e w

ant to use X
-ray selected sam

ples of clusters of
galaxies to m

easure cosm
ological param

eters then w
e m

ust
be able to relate the observables (X

-ray lum
inosity and

tem
perature) to the theoretical m

asses.
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G
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Survey
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Survey
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Pow
er spectrum

 from
 X

-ray clusters
(REFLEX

) and galaxies (2dF)

G
uzzo

LCD
M

SCD
M
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Testing Inflation Theories

D
U

O
 w

ill reveal the shape of
the m

atter pow
er density

spectrum
 on scales sm

aller than
0.3 G

pc w
ith higher accuracy

than a com
bination of W

M
A

P
and other surveys.  (D

U
O

 and
W

M
A

P curves have been offset
for clarity.)
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Cosm
ology from

 Cluster Surveys
D

U
O

 w
ill m

ake precision m
easurem

ents of m
any key cosm

ological param
eters: the dark m

atter density
W

M ,and dark energy density W
E ; the dark energy equation of state param

eter w; the neutrino m
atter

density W
n .  D

U
O

 w
ill com

plem
ent other dark m

atter and dark energy m
issions like Planck and SN

A
P.

W
M

WE
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M
erger

sim
ulation -

gas density

Ricker et al.
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X
M

M
 im

age and
tem

perature m
ap of

Com
a
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Chandra im
age of 1E0657-56

“Bullet”
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W
hy do w

e care ?
 W

e used to have a sim
ple m

odel for the cores of clusters :

• Clusters w
ere spherically sym

m
etric balls of plasm

a
that evolved in isolation.

• In their centers they w
ould lose energy by radiating

X
-rays - leading to a steady cooling inflow

 of plasm
a

(“cooling flow
”).

• So the X
-ray spectra should show

 evidence for a
range of tem

peratures from
 the am

bient for the cluster
dow

n to zero.
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A
bell 1835

X
M

M
 RG

S

Peterson et al.
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Chandra
im

age of
H

ydra-A
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Chandra
im

age of
Perseus
cluster
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Tem
perature

m
ap of Perseus
cluster core

Schm
idt et al.
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H
allow

een
Cluster
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Effect of a rising bubble of hot plasm
a

Churazov et al.

t = 0
t = 67 M

yr

W
hite is hot and black is cold - the coolest gas is

produced from
 uplifted, adiabatically expanded gas.



X
-ray A

stronom
y School 2003

Cosm
ological Im

plications

Since all the gas in the U
niverse starts hot but w

e now
observe som

e of it cold the process of galaxy form
ation

m
ust involve gas cooling.

If w
e can’t understand this in nearby objects how

 can
w

e have any confidence in our theories for how
 it

happens at high redshift ?
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Top Q
uestions on Clusters of G

alaxies
• A

re clusters fair sam
ples of the U

niverse ?

• Can w
e derive accurate and unbiassed m

asses from
sim

ple observables such as lum
inosity and tem

perature ?

• D
oes the gravitational potential have the sam

e shape as
the baryons (stars and gas) ?

• W
hat is happening in the centers of clusters - how

 does
the radio galaxy and the cluster gas interact ?

• W
hat is the origin of the m

etals in the ICM
 and w

hen
w

ere they injected ? W
hat is the origin of the entropy of
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M
etal A

bundances
H

orner et al.

Tem
perature (keV

)

Abundance (fraction of Solar)
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Si and S abundances Baum
gartner et al.
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N
G

C 4636
X

u et al.
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Entropy

H
ow

 m
uch extra

energy is deposited in
the gas and w

hen ?
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D
ata A

nalysis Issues

• Background subtraction

• Corrections for PSF scattering

• 2D
 -> 3D

• G
rating observations
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Background Subtraction

• Clusters of galaxies are large objects - they m
ay w

ell
cover the entire field of view

 of the detector.

• To find a background you need to go to another
observation - but the X

-ray background varies w
ith

position on the sky at energies < 2 keV
 (see RO

SA
T all-

sky survey m
aps).

• The background varies w
ith tim

e - big flares are easy to
see and exclude but sm

aller flares are a problem
.
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Com
parison of Schm

idt and M
ajerow

icz

M
arkevitch

A
bell 1835
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Com
parison of tw

o Chandra observations

M
arkevitch

A
bell 1835
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Com
parison of

Chandra and
X

M
M

M
arkevitch

Is this discrepancy
due to even sm

aller
flares or som

e other
cause ?
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Corrections for PSF scattering

M
any clusters have

very centrally
concentrated X

-ray
em

ission.

If the telescope has a PSF w
ith significant w

ings then
em

ission from
 the cluster core w

ill be scattered to its outer
regions. This is a big problem

 w
ith A

SCA
 and BeppoSA

X
.
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Effects of
X

M
M

 PSF

M
arkevitch

I’ve w
ritten an

X
SPEC m

odel to
correct for this effect.
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2D
 -> 3D

• Clusters are optically-thin 3-D
 objects. W

e w
ould like to

determ
ine properties in 3-D

 but w
e observe them

 projected
onto 2-D

.

• For regular shapes it is possible to derive 3-D
inform

ation from
 the 2-D

 observation. (There is a helpful
X

SPEC m
odel called projct)

• But Chandra is show
ing us that there are m

any
irregularities (at least in the cluster core). H

ow
 do w

e
derive 3-D

 inform
ation in this case ?
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G
rating observations

• G
ratings operate by dispersing a source along a line. If

the source is a point this is straightforw
ard. If the source is

extended then the spatial and spectral dim
ensions get

m
ixed together.

• The X
M

M
 grating does w

ork very w
ell for concentrated

sources like the cores of clusters but the interpretation is
non-trivial. A

 new
 X

SPEC m
odel (rgsxsrc) helps in sim

ple
cases.

• Peterson et al. have developed a M
onte Carlo code w

hich
predicts X

M
M

 spectra from
 3-D

 properties of the cluster.


